Analysis of photon-mediated entanglement between distinguishable matter qubits 
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We theoretically evaluate establishing remote entanglement between distinguishable matter qubits 
through interference and detection of two emitted photons. The fidelity of the entanglement oper- 
ation is analyzed as a function of the temporal and frequency mode-matching between the photons 
emitted from each quantum memory. With a general analysis, we define limits on the absolute mag- 
nitudes of temporal and frequency mode-mismatches in order to maintain entanglement fidelities 
greater than 99% with two-photon detection efficiencies greater than 90%. We apply our analy- 
sis to several selected systems of quantum memories. Results indicate that high fidelities may be 
achieved in each system using current experimental techniques, while maintaining acceptable rates 
of entanglement. Thus, it might be possible to use two-photon-mediated entanglement operations 
between distinguishable quantum memories to establish a network for quantum communication and 
distributed quantum computation. 

PACS numbers: 03.67.Bg, 42.50.Ex 
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I. INTRODUCTION 

Quantum information promises extraordinary ad- 
vances over classical means of both communication and 
computation. Quantum communication offers the poten- 
tial to securely transfer information over long distances 
while quantum computation may enable processing 
tasks that arc intractable using classical methods, such as 
efficient factorization and quantum simulations of many- 
body systems The resources required for both of 
these tasks may be established by photon-mediated long- 
distance probabilistic entanglement between quantum 
memories. Quantum memories allow photon-mediated 
entanglement protocols to circumvent the detrimental ex- 
ponential scaling associated with direct transmission 
|5|. While remote entanglement has been demonstrated 
between identical quantum memories 043 j using dis- 
tinguishable memories may be unavoidable when rely- 
ing on fabricated devices such as optical cavities, solid- 
state qubits, and spectral filters. The entanglement of 
distinguishable quantum memories may also allow the 
favorable characteristics of disparate systems to be ad- 
vantaged. For instance, solid-state quantum memories 
enable fast qubit operations and may be fabricated using 
standard methods that include integration of an optical 
cavity to increase photon collection efficiency and facil- 
itate scaling a quantum network. On the other hand, 
atomic quantum memories provide long information stor- 
age times (seconds or more) that may be necessary 
for quantum information processing. 

Thus far, remote entanglement of hybrid quantum 
memories has been achieved between a cavity-coupled 
atom and a Bose- Einstein condensate |ll|. There have 



also been recent proposals for the remote entanglement 
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of a quantum dot and a trapped ion using single-photon 
interference [l2|, the local entanglement of ultracold de- 
generate gases with cantilevers |13| , as well as remote en- 
tanglement between superconducting and atomic qubits 
[l^ . With the aim of hybrid entanglement, two-photon 
interference between single photons from a quantum dot 
and parametric down-conversion in a nonlinear crystal 
has been demonstrated [l^. While each of these tech- 
niques has various applications in quantum information, 
it may be more beneficial to consider passively robust 
entanglement protocols between remote quantum mem- 
ories. 

We analyze a generic protocol to establish remote en- 
tanglement between a pair of distinguishable quantum 
memories using a two-photon interference scheme. Unlike 
single-photon entanglement protocols [l2j . two-photon 
interference schemes are not interferometrically sensitive 
to the optical pathlength [l6j . which may permit prac- 
tical long-distance entanglement. Although a trade-off 
exists between fidelity and efficiency for distinguishable 
sources, this two-photon-mediated entanglement proto- 
col has the potential to reach high fidelity while main- 
taining an acceptable rate of entanglement. Therefore, 
it might be possible to use remote entanglement opera- 
tions between distinguishable quantum memories to es- 
tablish a quantum repeater architecture Q for practi- 
cal long-distance applications in quantum communica- 
tion and quantum computation. 

In the following sections we overview the implementa- 
tion of the remote entanglement operation between two 
distinguishable quantum memories, and characterize the 
fidelity of the protocol through a general analysis of the 
two-photon interference. We then apply this protocol to 
a few selected systems for the entanglement of accessi- 
ble pairs of quantum memories: two spectrally filtered 
atomic qubits, two cavity-coupled solid-state qubits, and 
a single solid-state qubit and a single atomic qubit. These 
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FIG. 1. Setup to establish remote hybrid entanglement be- 
tween qubit 1 corresponding to a photon in spatial mode 
m — 1 and qubit 2 corresponding to a photon in spatial mode 
m = 2. Photons hom each quantum memory are collected 
through objective lenses, coupled into single-mode fibers, and 
directed toward the beamsplitter (BS). The photons interfere 
at the BS, and then photomultiplier tubes (PMTs) detect the 
photons in spatial modes 3 and 4 in a given window of time. 
The frequency filters are optional and are not part of the gen- 
eral analysis in Sees. |lT] and IIIII but are used in analysis of 
selected systems in Sec. IIVI 



schemes may be implemented using previously demon- 
strated experimental techniques, and thus may be acces- 
sible by experiments in the near-term. 



II. PROPOSED ENTANGLEMENT PROTOCOL 

The envisioned basic setup for remote entanglement of 
distinguishable quantum memories is illustrated in Fig.[Tl 
which closely resembles proven experimental implemen- 
tations Il7l - [l9| . Here the quantum memories may 
be separated by an arbitrary distance, limited only by 
the attenuation length of photons transmitted through 
the optical fibers. After initialization and excitation of 
each quantum memory, the spontaneously emitted pho- 
tons are coupled into the optical fibers and are directed 
to interfere at a 50:50 nonpolarizing beamsplitter (BS). 
The interference and detection of these photons may be 
used to project the quantum memories into an entangled 
state. 

Entanglement can be observed between photon and 
matter qubits through a sequential method of qubit ini- 
tialization, excitation, spontaneous emission, and detec- 
tion. Initialization of each qubit (for instance by optical 
pumping) prepares the qubit in the |0m) state depicted 
in Fig. [2ja), where m denotes the input spatial mode of 
a photon entering the BS corresponding to qubit m. A 
laser pulse excites the quantum memory from |0m) to 
|e„i) in Fig. ^b). In Fig. [^IJc), |e„i), with excited state 
lifetime r„i, spontaneously decays into a superposition of 
qubit states |0m) and |lm), while emitting a photon in 
a superposition of orthogonal states |A„j) and \B,„) (e.g. 
polarizations or frequencies). The matter-photon entan- 
glement between the quantum memory and its emitted 
photon may be described as \^m) = ^"""^'"^1^^"'"^"'^ . 




FIG. 2. Generic matter-photon entanglement for a single 
qubit. (a) Optical pumping transfers population into the |0m) 
ground state for initialization of a qubit m. (b) A laser res- 
onant to the |0m) to \em) transition excites the qubit. (c) 
The excited state \e,n) will decay into a superposition of the 
ground spin states |0m) and \lm) while spontaneously emit- 
ting a photon in a superposition of orthogonal states \Am) 
and l-Bm), establishing matter-photon entanglement. 

After the photons are emitted from each qubit in Fig.[Tl 
a product state \'^) = |V'i)|V'2) exists between the two 
matter-photon systems. As illustrated in Fig.[Tl the pho- 
tons interfere at the BS, and are then detected in a given 
window of time by the photomultiplier tubes (PMTs). A 
coincident detection at the PMTs ideally signals the ob- 
servation of the post-selected maximally entangled Bell 
state = l-^3B4MJ33A4) ^j^g photons. The detec- 

tion of photons in the state heralds the probabilistic 
entanglement of the matter qubits. The state of the two 
quantum memories is then iV'^b) = l'^^'^^)^^^^^) ^ -ftrhich 
represents remote spin-spin entanglement between qubits 
1 and 2 [H [13, 

After creating the iV'gub) entangled state, the states of 
the entangled qubits may be read out. The process to 
detect each qubit state is dependent upon the structure 
of each specific quantum memory and will be detailed for 
each selected system in Sec IIVI 



III. PHOTON INTERFERENCE ANALYSIS 

The fidelity of the above protocol depends critically 
on the quality of the interference between photons, as 
evaluated below. While the general interference anal- 
ysis parallels to some extent the work in Ref. [2^ . we 
have extended the analysis to characterize entanglement 
fidelity in the general case of two qubits distinguishable 
by both their frequency and temporal emission profiles. 
Initially, a single, spontaneously emitted photon can be 
expressed by either a temporal or frequency mode profile 
[23 |. The overlap of these profiles in the temporal and 
frequency modes determines the quality of two-photon 
interference, and can be evaluated as the probability of 
coincident detection at the PMTs depicted in Fig. [TJ We 
use this probability of coincident detection to evaluate 
the fidelity of the matter qubit entanglement following 
joint detection of the interfered photons, as well as the 
detection efficiency. 

Embedded in this analysis is the consideration of po- 
tential errors associated with the interference of photons 
from distinguishable quantum memories, including tem- 
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poral and frequency offsets. Temporal offsets can be ci- 
ther a difference in arrival time of each photon at the BS 
or a difference in excited state lifetimes, which determine 
the temporal profiles of each photon. We incorporate dif- 
ferences in excited state lifetimes in both the present and 
later sections. Differences in arrival times can be opti- 
mized by simply changing the photon pathlength to the 
BS, which becomes important for analysis in Sees. IIV Al 
and If V Cl A frequency offset is a difference in the mean 
values of the photon frequency mode profiles. Our anal- 
ysis below demonstrates that a frequency offset may be 
tolerated to some extent and may be reduced by using 
either cavity-coupling or spectral filtering. 

To begin, we consider a single emitted photon from a 
quantum memory that may be described in the temporal 
mode by the electric field operator 



e 2X771 



*e(t). 



(1) 



quantum memory m, Q{t) is the Heaviside function, and 
a,„ is the usual photon annihilation operator. 

A temporal mode profile can be expressed for sponta- 
neously emitted single photons as 



\Kn{t)E+{mn 



where ujm is the mean frequency of a photon emitted from 



(2) 



which is the time-dependent probability of spontaneous 
emission from quantum memory m where iV'm) = OmlO)- 
The interference of two photons is evaluated in terms 
of a joint detection probability (JDP), which describes 
the likelihood of coincidentally detecting photons after 
interference at a BS. Here we consider two cases of the 
JDP, which are then compared to evaluate the quality 
of the photon interference. First, the case that a time- 
dependent JDP considers noninterfering photons (e.g. 
orthogonally polarized photons) reduces to [13, HH, ll^l : 



where a and h denote orthogonal states with respect to 
each other, \'4>ia,2b) = ajSjlO) is a state containing two 
completely distinguishable photons (each in a different 
spatial mode m = 1,2), and time delay td is the interval 
of time between successive detection events at the PMTs 
depicted in Fig. [TJ The electric field operators in Eq. |31 
written in terms of the output spatial modes m = 3 and 



m = 4 of the BS depicted in Fig. [T] may be written in 
terms of the input modes as 

E,{t) = ^= , EAt) = ^ . 

(4) 

Using the electric field operator defined by Eq. [U then 
Eq. [3] can be written as 



)e(t)e(i + td) 



(5) 



Integrating this over all time t yields the total JDP for 
the noninterfering case: 

/oo 
-oo 



2(Ti+r2) 2(Ti+r2)' ^ ' 

which demonstrates that interference does not occur be- 
cause Pj^oitd) 7^ for td G (— cx),oo) with no frequency 
dependence. Because no interference occurs, each photon 
is transmitted or refiected at the BS with random 50% 



probability. 

Second, the case that a time-dependent JDP considers 
interfering photons (e.g. identically polarized photons 
emitted from the two quantum memories) reduces to [TtI . 

MM- 

PMt^td) - {'^i.2\E^{t)E^{t+td)E+{t+td)EUiMh2)^ 

(7) 

where |'(/'i,2) = aia2l'^)- The electric field operators can 
be related back to the spatial modes from which the pho- 
tons were emitted using Eq. H With the electric field 
operators expressed in spatial modes 1 and 2, 
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-\{'^ia\E^{t)E^{t + U)E+{t + trf)^2+Wl^i,2> - J(Vi,2|4" W^r(t + + (01^1.2) 

2t(Ti+r2) td(^2+Tl(l- + 2'T2'^")) 

e =-1-2 e =^-1-2 e(t)e(t + td) Pj,Dit,td) 



(8) 



r 



where Aw = wi — W2 is the frequency mode mismatch The total interfering JDP considering identicaUy polar- 
between photons emitted from each quantum memory. ized photons may be represented as 

I 



/OO 
00 



dt 



"e(t)e(t + id)rfi 



PjMtd) 



cos(tdAw)e ^-1-2 Pj^pjU) 
2(Ti+r2) 2 ^ 



(9) 



r 



which demonstrates that interference will always occur 
when td is zero, and interference is still strong at all other 
values of td with near-perfect frequency mode-matching 
(|Aw| « -4-). 

While we evaluate two-photon interference based on 
known photon states (parallel or orthogonal), the en- 
tanglement protocol depends upon the interference of 
photons each defined by a superposition state represent- 
ing matter-photon entanglement as described in Sec. |lll 
Thus, the fidelity of the entanglement, or the overlap be- 
tween the target quantum state and measured quantum 
state, is determined by the quality of the two-photon 
interference, since ideally a coincident detection only oc- 
curs when the photons are in the IV'^^i^) state. The detec- 
tion of iV'/^i/) would then swap the entanglement of the 
photons to the quantum memories. The characteristics of 
this event arc analyzed in terms of fidelity and detection 
efficiency below. 

Fidelity may be derived from maximum and minimum 
correlated intensities (Imax and /,„i„, respectively) that 
accumulate in a window of time W for which the PMTs in 
Fig. [T] are open for detection. The correlated intensities 

I 

rW/2 



-W/2 
1 

Tl + T2 Jo 



W/2 



are combined to measure the interferometer visibility 

V{W,Aoj) ^ -^""^ " -^"^ , (10) 

which characterizes the overall quality of the two-photon 
interference at the BS [13 ■ First, the maximum corre- 
lated intensity Imax corresponds to the case of nonintcr- 
fering photons, and is defined as 



w/2 



Pj.Ditd) dtd 



w/2 

I fW/2 



^1 + e ^2 dt, 



Tl + T2 Jo 

Tl (1 - ] +T2II- 



Tl + T2 



(11) 



Second, the minimum correlated intensity Imm corre- 
sponds to the case of interfering photons, and is defined 
as 



Pj^R{td, Auj) dtd 

~W/2 

COS {tdAoj)e ^2 dtd + 
2riT2Aa;sin(^ 



2TlT2e *^1^2 



2 

Tl + T2) 



W(^l + T2) 



'WAu 



(n + T2) (t2 (4Aw2t| + 1) + 2Tir2 + T, 



(12) 



r 



The fidelity may be represented in terms of visibility as 17 1 



F{W, Aw) 



1 



{V{W,Auj)) 



(13) 
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where we assume negligible frequency differences between 
the two relevant transitions within each quantum mem- 
ory. 

The fidelity for any probabilistic entanglement proto- 
col is irrelevant without also evaluating efficiency. Effi- 
ciency describes the success probability of the entangle- 
ment protocol, and therefore must be high enough for 
practical quantum communication and quantum compu- 
tation. The efficiency of two-photon detection 



r,{W) 



w 



w 



Pi{t)dtx / P2{t)dt 



= l-e- 



(14) 



defines the probability of detection within a finite W . 
While this generic detection efficiency assumes neither 
technical nor experimental losses, the analysis of selected 
systems below will consider both a net efficiency and an 
estimated rate of entanglement, which include probabil- 
ities of emission, transmission, and detection. 

Both a temporal mode mismatch (t\ ^ T2) and a 
frequency mode mismatch (Aw ^ 0) will degrade two- 
photon interference and thus contribute to entanglement 
fidelity loss. Although this loss in fidelity can be com- 
pensated for by reducing the detection window W, this 
is only possible at the expense of reduced efficiency. In 
Fig.|3]we show a three-dimensional solid region composed 
of coordinates (Aa;,T2, W) in units of ri in which fideli- 
ties > 99% and two-photon detection efficiencies > 90% 
are possible. As is clearly illustrated, in principle, high 
fidelities are possible even when using emission sources 
that differ significantly in both frequency and time. 



IV. PROTOCOL AND ANALYSIS FOR 
SELECTED SYSTEMS 

In Sec. mil we analyzed the general results and limi- 
tations of a two-photon-mediated entanglement protocol 
when offsets are present in the temporal and frequency 
modes. That analysis may be applied to the entangle- 
ment of several different specific systems of quantum 
memories that arc nominally or experimentally distin- 
guishable, or both. The following subsections describe 
entanglement protocols for three different selected sys- 
tems of distinguishable quantum memories: two atomic 
qubits, two solid-state qubits, and hybrid qubits. Ex- 
tensions from the general protocol in each scenario are 
currently feasible with previously demonstrated experi- 
mental techniques, showing the current applicability of 
our analysis in various settings. 



A. Two Atomic Qubits 

The general techniques in Sec. |ll] may be used to an- 
alyze the entanglement between nominally identical re- 
mote atomic qubits, which become distinguishable with 



W[Ti] 6\ 




0.0 

Aw[l/T,] 



FIG. 3. Region representing combinations of Acj, T2, and W, 
in units of n, that permit F{W,Alj) > 99% and rj{W) > 
90% for the entanglement of two distinguishable qubits. It is 
apparent that even with substantial photon mode- mismatches 
high fidelities and detection efiiciencies are possible. 



experimental fabrication of spectral modifiers. These 
spectral modifiers, specifically frequency filters, can be 
necessary to inhibit specific transitions when multiple hy- 
perfine manifold decay channels are present |24| . The ad- 
vantage is that transitions to states with such decay chan- 
nels often provide longer-wavelength emissions, maximiz- 
ing the attenuation length in optical fiber. Specifically, 
here wc consider each quantum memory (qubits 1 and 
2 in Fig. [T|) to be a ^"^^Ba"*" atom confined in a linear 
radiofrequency (rf) Paul trap [2^ . A spectral frequency 
filter is included along the path of photons emitted from 
each trapped ^'^^Ba"'" atom to inhibit the observation 
of unwanted frequencies [2^. We have also outlined in 
Fig.[4]the processes of excitation, emission, and detection 
for establishing entanglement after initialization by opti- 
cal pumping into the '^Si/2\F = 2,tof = 0) state. The 
requirements and effects of the above mentioned spectral 
modifiers are detailed below. 

In this protocol, spectral filtering [2^ [2^ of photons 
emitted from ^"^^Ba^ is used to observe only the transi- 



tion from '^Pi/2\F = l,mF 



0) to ^Dy2\F 



1, mp 



±1), suppressing the observation of photons from tran- 
sitions to ^D3/2\F — 2,mp = ±1). This can be done 
with an external Fabry-Perot cavity resonant at the de- 
sired transition frequency. The P-D transition was cho- 
sen as it provides a wavelength more practical than the 
P-S transition for transmission over long-distances. This 
same technique could also be employed for other atomic 
ions such as Sr"*" or Ca"*". 

In order to analyze the photon interference in the pres- 
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FIG. 4. (a) A 493.5 nm laser excites "^Ba+ from the ^5*1/2 \F = 2,mF = 0) state into the \F = l^mp = 0) excited 

state, (b) With natural lifetime Tion = 8 ns, ^P\/2 can decay into the ^1)3/2 metastable state by spontaneously emitting a 
photon at a wavelength of Am = 650 nm. The transition from P\/2 |-F = 1, jtif = 0) to ^£'3/2 \F = l^mp = ±1) can establish 
spin-polarization entanglement between a spontaneously emitted photon and ^"^^Ba^ [SJ- The filter [28l. [29l| from Fig.[T]is used 
to observe transitions only to the F = 1 hyperfine level of ^D^f2- In addition, photons with vr-polarization are excluded by 
observing along a quantization axis defined by an external magnetic field [lOl- (c) Read-out of the '^^^Ba"'" qubit spin state. 
Microwave radiation transfers population from ^1)3/2 \F — l,mi? = -1-1) to ^1)3/2 \F = 0,mF ~ 0). Resonant light between 
and ^Pi/2, along with resonant light between ^5*1/2 and '^Pi/2, then produces fluorescence only if the atom is projected 
into the state ^Dg/2\F = l.mp = —1). 



ence of the two relevant transitions in -'^'^''Ba''', wc define 
the electric field operator 



*e(i) 



L„An + Lrne-'^'^f^'bra , (15) 



where L,„ is the natural transition probability to observe 



the ^Pi/2|F = l,mF 



0) to ^Ds/2\F 



1, TTii? 



±1 



transition, uihfs is the hyperfine frequency splitting be- 
tween ^D^^2\F = 1) and '^D^^2\F = 2), and operators a™ 
and bm are used to represent the different (distinguish- 
able) transitions. 

To obtain the frequency mode profile of an emitted 
photon from ^'^^Ba+, we first take the Fourier transform 
of the electric field operator from Eq. [15] 



.(^') 



/2tt J- 
2^ 



(16) 



1 — 2iT,nUj' 
\J\ — Lm 



1 - 2iTm{uj' - (jJhfs) 



where 



Then the normalized unfiltered 



frequency mode profile is 

S'„i(w') = (■lp„i\sl^{uj')Sjni^^')\lpni) 



(17) 



2r„ 



Lr, 



where |i/'m) = (al^ + l^)- Using a filter resonant at 
LOm, the filtered frequency mode profile becomes 



Srnj{L0')^T{Lu')Srn{i0'), (18) 

where T{uj') = {f*{uj')f{uj')) is the frequency- 
dependent transmission of light through the filter and 



(19) 



M is the 



is the filter mode function j32| where Km 
cavity decay rate of the spectral filter with speed of light 
c, cavity finesse J", and cavity length I [33|. Both the 
unfiltered and filtered frequency mode profiles are shown 
in Fig. [5]to exemplify the full effects of the filtering when 
including the relative strengths of the wanted and un- 
wanted transitions. 



With filtering effects accounted for in the frequency 
mode, we transition back into the temporal mode for 
further analysis. After filtering, a single emitted photon 
in spatial mode m from ^'^^Ba+ may be described in the 
temporal mode by the electric field operator 
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(20) 



*e(t) 



e 2 



In the likely situation that the photon mode prohles are 
nonidentical due to distinguishable filter cavities in each 
mode, quality of two-photon interference may benefit by 
imposing an intentional temporal offset in the arrival 
time of emitted photons at the BS. We thus incorpo- 
rate a temporal mode-mismatch, At, in the electric field 
operators for emitted photons in mode to = 1, so that 
-^w(^) =^ ~ ^'t)- Experimentally, this temporal 



offset may be manipulated by simply changing the path- 
length of mode to = 1. Utilizing the steps delineated in 
Sec. IIII[ relevant temporal mode profiles and JDP cases 
may now be derived using E^j{t- At) and E^ji*)- 

Further substituting the electric field operators of this 
subsection into the general analysis, we may determine 
the entanglement fidelity of this ion-ion system. Fidelity 
is compared to a net efficiency 



(W) {9^DpMTTf,bT, 



opt) 



(21) 



where = 0.25 is the probability of detecting |^^^), 
iJionsiW) is the two-photon detection efficiency for this 
system defined by Eq.[T4l ^ « 0.15 is the relative branch- 
ing ratio of cr-polarized emissions from ^^^Ba+ transitions 
into the F = 1 and F = 2 hyperfine levels depicted in 



Fig. Hi 

"7Ba+ 



34, lag, 61 = 

of each PMT, Tf,b 



0.12 is the collection efficiency of 
= 0.25 is the quantum efficiency 
= 0.30 accounts for coupling and 



transmission efficiencies of necessary optical fibers, and 
Topt = 0.95 is the transmission efficiency of necessary 
optics. The rate of entanglement generation is given by 



^ rep^ions (^^) : 



(22) 



where we take F^ep = 5 MHz based on recently demon- 
strated methods of qubit state preparation [37 1 . 

Figure |6] shows a solid region composed of coordinates 
(Aw, Ki,At), which provide fidelities > 99% and rates of 
entanglement > 0.1 Hz when detecting during a reason- 
able window = 45 ns. The remote entanglement there- 
fore may maintain acceptable results even under unavoid- 
able mode-mismatches caused by distinguishable filter 
cavities, especially when introducing experimentally op- 
timal temporal offsets. In addition, the use of cr-polarized 
photons may enable greater photon collection efficiencies, 
and thus greatly increases entanglement rates, in the near 
future 

Although we have specifically analyzed the ^'^^Ba+ 
atom, the above procedure is generally applicable to any 
atomic ion with a low-lying Z?-state where transition 
wavelengths may be more practical for longer-distance 
transmission (e.g., Sr"*" or Ca+). 
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FIG. 5. The cr-polarized emission spectrum of ^^^Ba"*" for the 
^Pi/2\F = 1) to ^Dj,/2 transition before (dashed line) and 
after (solid line) frequency filtering. The transition prob- 
abilities are 3/8 to '^0^/2^ = 2,m.F = ±1) and 5/8 to 
^03/21^" = l,mF = ±1) [H, [H. Here the desired transi- 
tion to '^D-i,/2\F = l,mp = ±1) is centered aX ^ = v' = 



V — Vm = 0, the other transition to D-j,i2\F = 2,mF = ±1) 
is centered at i^h/s = —0.335 GHz [sl], and Km ~ 0.05 GHz. 



B. Two Solid-state Qubits 

In another extension of the generic protocol in Sec. [U 
we consider the remote entanglement of two low- 
temperature solid-state matter qubits. Specifically, we 
apply our analysis to the entanglement of two nitrogen- 
vacancy (NV) centers through the interference of emit- 
ted photons at the zero-phonon line (ZPL) near 637 
nm. Interference has recently been demonstrated be- 
tween photons emitted by NV centers [iO, |4l| without 
cavity-coupling. Due to a low emission probability at 
the ZPL [42] , we instead consider the fabrication of a cav- 
ity resonant at the ZPL of each NV center for enhanced 
spontaneous emission and collection. Given unavoidable 
distiiiguishability between fabricated cavities, our follow- 
ing analysis demonstrates the limits of entangling NV 
centers in terms of the quality factor of each cavity. Fol- 
lowing the recent experimental demonstration of entan- 
glement between an NV center and a single photon (i^ . 
in Fig(7|we review the processes of excitation, emission, 
and detection for achieving entanglement following ini- 
tialization by optical pumping into the ^ A2 |tos = 0) 
state. 

Cavity-coupling of an NV center may be necessary to 
enhance the emission rate of photons characterized by 
the ZPL wavelength Xzpl = = 637 nm. In order for 
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FIG. 6. Region representing combinations of Acj, m, and 
M that permit F{W = 45 ns.Aw) > 99% and Vions{W = 
45 ns) > 0.1 Hz for the entanglement of two ^'''^Ba"'" atoms. 
Here ri = r2 = 8 ns is the natural excited state lifetime and 
K2 = 0.05 GHz. It is clear that high fidelities and rates of 
entanglement can be achieved as long as |Aci;| < 0.005 GHz, 
0.040 < Ki < 0.057 GHz, and -0.8 < At < 0.7 ns. 



this to be done with high efficiency, in this analysis we 
incorporate the fabrication of a photonic crystal cavity to 
the NV center corresponding to each mode m, which has 
been successfully demonstrated with a single NV cen- 
ter in previous experiments [43j . The general emission 
enhancement of each NV center caused by the cavity- 
coupling may be determined using the Purcell factor 



P{Qr. 



An 



(23) 



assuming no spatial or resonance offsets exist between the 
cavity and the NV center, where Qm is the quality factor, 
Am = ^ZPL is the resonant wavelength, n is the index of 
refraction, and Vcav is the effective cavity mode volume. 
Following the assumption that a photonic crystal cavity 



may be fabricated with Vcav 
Purcell factor is 

P{Qm) 



te)- 



1^' 



[43| , the relevant 



(24) 



The Purcell factor in Eq. [24] may be utilized to compute 

(25) 



I may be 

the cavity-enhanced lifetime |44l l45j 



To 



1 +p{Qra)io.,ZPL' 

where (,o,zpl = 0.03 [42|, is the natural branching 
ratio of photon emissions at the ZPL. 

Unlike the scenario in Sec. IIV Al a cavity-coupled NV 
center may be described in the temporal mode with an 



electric field operator that is analogous to that expressed 
in Eq. [T] However, a difference occurs due to the sub- 
stitution of the righthand side of Eq. [25] in the place of 
Tm, where distinguishability arises between each fabri- 
cated cavity-coupled NV center from the variability of 
Qm- Then, employing the steps outlined in Sec. IIIIl the 
necessary temporal mode profiles and JDPs may be de- 
rived for the calculation of entanglement fidelity and ef- 
ficiency of entanglement. Fidelity of the entanglement 
of two cavity-coupled NV centers is compared to a net 
efficiency 

PnVs{W) = 7? [77JVVs(l^)^p,l^p,2/3l/32 {DpAiTTf^bToptY 

(26) 

where i?, T/ib, Dpmt, and Topt are taken to be the 
same as in Sec. IIV Al rjNYsiW) is the two-photon de- 
tection efficiency of this system based on Eq. [TJ] ^p_,„ = 

^"'^^^^^['^'^"'"'"fr ■>^° is the cavity-enhanced branching ra- 
tio of the NV center emissions at the ZPL [4J], and 
l^m = p^Q^")+i is the fraction of photons emitted into 
the cavity mode in the weak-coupling regime, which we 
take as the effective collection efficiency [i^ H^. The 
entanglement rate for two cavity-coupled NV centers is 
then 



NV. 



TrepPNvAW), 



(27) 



which follows the convention used in Eq. I22[ where here 
we consider Trep = 100 kHz . In Fig. [8] we illustrate 
a solid region composed of coordinates (Aw, Qi, W) with 
Q2 = 500, where the protocol achieves fidelities > 99% 
and rates of entanglement > 25 Hz. Thus, the remote 
entanglement of solid-state color centers has the ability 
to uphold exceptional results under distinguishability in 
cavity fabrication. 



C. Hybrid Qubits 

For our final extension to the general protocol in 
Sec. [11] we consider the hybrid entanglement of a low- 
temperature solid-state matter qubit and an atomic mat- 
ter qubit. As aforementioned in Sec. U a proposal exists 
to establish hybrid entanglement between a semiconduc- 
tor InAs quantum dot and a trapped ^^^Yb"*" atom using 
a single-photon interference scheme [l2| • In the following 
analysis we evaluate the hybrid entanglement between 
the same two quantum memories using the two-photon 
interference scheme presented in the above sections. 

Existing proposals for the remote entanglement of two 
charged quantum dots consider both single-photon inter- 
ference [48| and two-photon interference |49[. For two- 
photon interference, Ref. [i^ utilizes entanglement be- 
tween emissions from trion decays and qubit spin states 
in the lowest levels. Our extended entanglement protocol 
includes a similar convention. We assume initialization 
of the quantum dot may be done by creating a superpo- 
sition ^^^^^^ ^^^^ between spin states using single-qubit 
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FIG. 7. (a) After optical pumping to the \ms = 0) state, a microwave pulse transfers population to \ms = +1) [i^ . 
Then, a 637 nm pulse excites the NV center into the A2 excited state with natural lifetime tq — 12 ns. (b) The transition to 
^yl2 \ms — ±1) can establish spin-polarization entanglement between a spontaneously emitted photon and an NV center [i^ . 
With cavity-coupling, only photons at the zero-phonon line with the wavelength of 637 nm will be observed, (c) Read-out of 
the NV center qubit spin state [42|. Microwave radiation transfers population from \ms — +1) to ^A2 \ms — 0). Resonant 
light at 637 nm between ^A2\ms = 0) and Ey causes fluorescence only if the original state was ^A2 \ms ~ +1). Ideally, no 
scattered photons would be detected if the qubit was initially in the state '^^2 \ms = — 1). 




W[ns] 



800V _QQ2 



A oj [GHz] 



FIG. 8. Region representing combinations of Q2, Aw, and 
W that permit F{W, Auj) > 99% and TNVsiW) > 25 Hz 
for the entanglement of two NV centers. Here we assume 
that TO = 12 ns is the natural excited state lifetime for both 
NV centers, and Q2 ~ 500 characterizes the lower quality 
cavity. The results for this system are most similar to those in 
Sec, mil because we observe single-exponential decay profiles 
in both photons. Thus, it is clear that high fidelities and 
rates of entanglement can be reached for |Ai^| < 0.025 GHz, 
400 < Qi < 800, and > 15 ns. 



rotation. The process of establishing matter-photon en- 
tanglement between an emitted photon and a quantum 
dot is described by Fig. [9lja)-(c). We assume an excited 
state lifetime of the trion level tqjj ^ 0.3 ns [l^H^; the 
transition wavelength of interest is 935 nm, which is near 
the relevant ^^^Yb+ transition. 



The protocol for matter-photon entanglement with 
171YI3+ employs the transition from '^[3/2] 1/2 to ^I?3/2 
with emission wavelength 935 nm and '^[3/2] 1/2 excited 
state lifetime Tyt = 37.7 ns [l3, HH- The process for 
establishing matter-photon entanglement with ^^^Yb+ is 
detailed in Fig. |9i;d)-(f). 

As a result of the selection rules for both the selected 
quantum dot and ^^^Yb^ transitions, spectral filtering is 
not required to use the cr-polarized transitions to the low- 
lying D level as it was with ^■^^Ba"'". However, we include 
a spectral filter only in the path of the quantum dot emis- 
sions to improve temporal mode-matching [s^ . With the 
effects of filtering accounted for, the quantum dot emits 
photons in mode m = 1 that may be described with elec- 
tric field operators E^f{t) based on Eg. when Li = 1 
and ^''^Yb"'" emits photons in mode m = 2 that may be 
described with electric field operators based on 

Eq. [T] Due to the different types of electric field opera- 
tors for each qubit emission, we incorporate a temporal 
offset At in the quantum dot emission so that its electric 
field operators become E'^ ^{t) =^ j:(t~ At), as is done 
in Sec. HVXl 

As with the earlier selected systems, the derivations 
follow the step-by-step methods in Sec. Illll to determine 
fidelity and two-photon detection efficiency. The net ef- 
ficiency is 



(28) 

where Dpmt, Tfih, and Topt are taken to be the same 
as in Sec. IIV rjhybiW) is the two-photon detection ef- 
ficiency of this system based on Eq. [T31 ^1 ^ 1 is the as- 
sumed branching ratio of the relevant quantum dot tran- 
sition, ^2 = 0.018 is the branching ratio of the relevant 
"iYb+ transition 0i = 0.10 is the collection effi- 
ciency of quantum dot emissions [131, and 62 = 0.12 is 
the collection efficiency of ^''^Yb"'" emissions [s^. The 
entanglement rate between a quantum dot and a single 
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FIG. 9. (a) After initializing the ground state of the quantum dot in the superposition iiZHl±LJV2I^ ^ laser pulse resonant 

at 935 nm excites the quantum dot into a superposition of trion spin states — L_a: The superposition of trion 

states will decay after excited state lifetime tqo = 0.3 ns, emitting a single photon in a superposition of circular polarization 
states, (c) Read-out of the quantum dot qubit. A cr^-polarized beam resonant at the | — 1/2) to | — 3/2)t transition (935 
nm) is applied to the quantum dot. If projected into the | — 1/2) state, fluorescence will be detected, while if in the |l/2) 
state, no fluorescence will be detected, (d) After initializing Yb"*" into '^S\/2\F = l,mF = 0) using optical pumping, a laser 
pulse resonant at 297 nm excites the ion into ^[3/2]i/2|F = 0,mF = 0). (e) ■^[3/2]i/2|-F — 0,mF ~ 0) will decay with excited 
state lifetime Tyb = 37.7 ns into a superposition of spin states ^1)3/2 = l,mF — ±1) while emitting a single photon in a 
superposition of circular polarization states; photons with 7r-polarization are excluded by observing along a quantization axis 
defined by an external magnetic field [sO]. (f) Read-out of the ^^^Yb"*" qubit. Microwave radiation transfers population from 
^-Dg/al-F" = lyrriF = -1-1) to ^-D3/2|i^ = l,mF = +2). Light resonant at the ^D3/2|-F = 1) to ^[3/2]i/2l-F' = 0) transition (935 
nm) and the ^Si/2\F = 1) to ^Pi/2\F = 0) transition (370 nm) are applied to ^^^Yb^. If the atom is projected into the 
^D3/2\F — l,mF ~ —1), fluorescence will be detected, while if in ^-D3/2|i^ ~ l,mF ~ +1), no fluorescence will be detected. 



171YI3+ atom is then 

ThybiW) = TrepPhybiW), (29) 

which follows the convention used in Eq. [221 where we 
take Trep = 5 MHz [s^] . In Fig. [10] we illustrate a solid 
region composed of coordinates (Aw,Ki,At). where fi- 
delities > 99% and rates of entanglement > 0.002 Hz 
are possible when detecting during a reasonable window 
W = 42 ns. Thus, the remote entanglement of these 
hybrid qubits has the ability to uphold interesting re- 
sults when appropriate experimental techniques are im- 
plemented. 

While we have analyzed the entanglement specifically 
between a quantum dot and ^^^Yb"*", a similar protocol 
may be utilized for the entanglement between a quantum 
dot and either ^''Sr"'' or ^'^Ca+. Each of these ions behave 
like ^^^Ba+ as in Sec. IIV Ai and thus frequency filtering 
may be required for two-photon interference. The rele- 
vant transitions of ^^Sr+ and ^■^Ca+ have much broader 
linewidths than ^^^Yb"*", which may allow for improved 
pairing of fidelity and rate of entanglement [55| . Addi- 
tionally, cavity-coupling techniques [131 could be used 
to substantially increase the fidelity and efficiency of the 
system, at the cost of increased experimental complex- 
ity. Finally, larger frequency differences between qubits 
may be mediated by the tunability of solid-state systems 
[58l - [60j or through translation of photon frequencies [6l| . 



V. CONCLUSION 

We have shown that a robust two-photon interference 
protocol can be used to entangle distinguishable quantum 
memories with high fidelities and rates. A general analy- 
sis demonstrates that entanglement fidelities > 99% and 
detection efficiencies > 90% are possible even with sig- 
nificant mismatches in the frequency and temporal char- 
acteristics of the photons. By applying this analysis to 
three relevant systems, we illustrate both the utility of 
the calculations and their applicability to current exper- 
imental efforts. Moreover, the general analysis presented 
here can be easily extended to other pairs of quantum 
memories. Overall, this evaluation elucidates the possi- 
bility of establishing remote entanglement between hy- 
brid quantum memories that relics only on passive filter- 
ing and the passive stability inherent in the two-photon 
interference scheme. Ultimately, this type of stalwart 
architecture may be crucial for the realization of long- 
distance quantum communication and distributed quan- 
tum computation. 
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FIG. 10. Region representing combinations of Alo, ki, and 
At that permit F{W = 42 ns, Atj) > 99% and FhybiW = 
42 ns) > 0.002 Hz for the entanglement of a quantum dot 
and an ^^^Yb^ atom. Here ri = 0.3 ns and T2 = 37.7 ns 
are the natural excited state lifetimes of the quantum dot 
and ^^^Yb^, respectively. Despite the vast differences in the 
emissions of the two qubits, high entanglement hdelities can 
still be achieved at reasonable rates of entanglement as long 
as |Acj| < 0.004 GHz, 0.005 < ki < 0.012 GHz, and 0.1 < 
At < 0.7 ns. 



[1] H. J. Kimble, Nature 453, 1023 (2008). 

[2] T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, 
C. Monroe, and J. L. O'Brien, Nature 464, 45 (2010). 

[3] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, 
Nature 414, 413 (2001). 

[4] C. Simon, M. Afzelius, J. Appel, A. B. de la Giro- 
day, S. J. Dewhurst, N. Gisin, C. Y. Hu, F. Jelezko, 
S. Kroh, J. H. Muller, J. Nunn, E. S. Polzik, J. G. Rarity, 
H. D. Riedmatten, W. Rosenfeld, A. J. Shields, N. Skold, 
R. M. Stevenson, R. Thew, I. A. Walmsley, M. C. We- 
ber, H. Weinfurter, J. Wrachtrup, and R. J. Young, Eur. 
Phys. J. D 58, 1 (2010). 

[5] H.-J. Briegel, W. Diir, J. I. Chac, and P. Zoller, Phys. 
Rev. Lett. 81, 5932 (1998). 



[6] C. W. Chou, H. de Riedmatten, D. Felinto, S. V. 
Polyakov, S. J. van Enk, and H. J. Kimble, Nature 438, 
828 (2005). 

[7] D. N. Matsukevich, T. Chaneliere, S. D. Jenkins, S.-Y. 
Lan, T. A. B. Kennedy, and A. Kuzmich, Phys. Rev. 
Lett. 96, 030405 (2006). 

[8] D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, 
D. N. Matsukevich, L.-M. Duan, and C. Monroe, Nature 
449, 68 (2007). 

[9] C. Langer, R. Ozeri, J. D. Jost, J. Chiaverini, B. De- 
Marco, A. Ben-Kish, R. B. Blakestad, J. Britton, D. B. 
Hume, W. M. Itano, D. Leibfried, R. Reichle, T. Rosen- 
band, T. Schaetz, P. O. Schmidt, and D. J. Wineland, 
Phys. Rev. Lett. 95, 060502 (2005). 



12 



[10] M. V. Balabas, T. Karaulanov, M. P. Ledbetter, and 

D. Budker, Phys. Rev. Lett. 105, 070801 (2010). 
[11] M. Lettner, M. Mucke, S. Riedl, C. Vo, C. Hahn, S. Baur, 

J. Bochmann, S. Ritter, S. Durr, and G. Rempe, Phys. 

Rev. Lett. 106, 210503 (2011). 
[12] E. Waks and C. Monroe, Phys. Rev. A 80, 062330 (2009). 
[13] C. Joshi, A. Hutter, F. E. Zimmer, M. Jonson, E. Ander- 

sson, and P. Ohberg, Phys. Rev. A 82, 043846 (2010). 
[14] M. Hafezi, Z. Kim, S. L. Rolston, L. A. Orozco, B. L. 

Lev, and J. M. Taylor, (2011), arxiv:1110.3537vl. 
[15] S. V. Polyakov, A. MuUer, E. B. Flagg, A. Ling, N. Bor- 

jemscaia, E. V. Keuren, A. Migdall, and G. S. Solomon, 

Phys. Rev. Lett. 107, 157402 (2011). 
[16] C. Simon and W. T. M. Irvine, Phys. Rev. Lett. 91, 

110405 (2003). 

[17] S. Olmschenk, D. Hayes, D. N. Matsukevich, P. Maunz, 
D. L. Moehring, and C. Monroe, Int. J. Quant. Info. 8, 
337 (2010). 

[18] P. Maunz, S. Olmschenk, D. Hayes, D. N. Matsukevich, 
L.-M. Duan, and C. Monroe, Phys. Rev. Lett. 102, 
250502 (2009). 

[19] Z.-S. Yuan, Y.-A. Chen, B. Zhao, S. Chen, J. Schmied- 
mayer, and J.-W. Pan, Nature 454, 1098 (2008). 

[20] M. Zukowski, A. Zeilinger, M. A. Home, and A. K. Ek- 
ert, Phys. Rev. Lett. 71, 4287 (1993). 

[21] S. L. Braunstein and A. Mann, Phys. Rev. A 51, R1727 
(1995). 

[22] T. Legero, T. Wilk, A. Kuhn, and G. Rempe, Appl. 
Phys. B 77, 797 (2003). 

[23] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 
59, 2044 (1987). 

[24] It is possible to use a photonic frequency qubit (with vr- 
polarization) without the requirement of spectral filters, 
but it may prove beneficial to use cr* transitions in order 
to take advantage of currently pursued collection tech- 
niques like parabolic mirror geometries [s^, which also 
mitigate errors due to polarization mixing often encoun- 
tered when utilizing high NA collection optics [s^ . 

[25] W. Paul, Rev. Mod. Phys. 62, 531 (1990). 

[26] An additional error mechanism that could potentially ad- 
versely alter the spectrum of ^'^^Ba"'" emission is micromo- 
tion caused by the rf trapping fields. However, we con- 
sider optimal trapping conditions where proper nulling 
of static offset fields minimizes micromotion. With stan- 
dard low temperatures « 1 mK the absolute fluctuation 
in emission frequency due to the secular motion is ex- 
tremely small [SJ]. Therefore, these frequency fluctua- 
tions of single emitted photons from ^^^Ba"*" should have 
negligible effects and are omitted from the analysis. 

[27] P. Villemoes, A. Arnesen, F. Heijkenskjold, and A. Wb- 
nstrom, J. Phys. B 26, 4289 (1993). 

[28] S.-Y. Lan, S. D. Jenkins, T. Chaneliere, D. N. Matsuke- 
vich, C. J. Campbell, R. Zhao, T. A. B. Kennedy, and 
A. Kuzmich, Phys. Rev. Lett. 98, 123602 (2007). 

[29] A. Nielsen, State preparation and conditional dynam- 
ics of quantum systems, Ph.D. thesis, Aarhus University 
(2010). 

[30] B. B. Blinov, D. L. Moehring, L.-M. Duan, and C. Mon- 
roe, Nature 428, 153 (2004). 

[31] C. Ohndo, M. A. Sagioro, F. M. Matinaga, A. Delgado, 
C. H. Monken, and S. Padua, Opt. Comm. 272, 161 
(2007). 



[32] This is only approximately the filter function for the cav- 
ity in Ref. [Sj] , since we only consider a single mode here 
because we assume the frequency spacing of the modes 
of the filter is much larger than that of the atom. 

[33] For example, a Km value equal to 50 MHz can be estab- 
lished using a cavity with J" = 188 and / — 10 cm. 

[34] J. Sherman, Single barium ion spectroscopy: light shifts, 
hyperfine structure, and progress on an optical frequency 
standard and atomic parity violation, Ph.D. thesis. Uni- 
versity of Washington (2007). 

[35] H. J. Metcalf and P. van der Straten, Laser cooling and 
trapping (Springer, 1999). 

[36] E. W. Streed, B. G. Norton, A. Jechow, T. J. Weinhold, 
and D. Kielpinski, Phys. Rev. Lett. 106, 010502 (2011). 

[37] W. C. Campbell, J. Mizrahi, Q. Quraishi, C. Senko, 
D. Hayes, D. Hucul, D. N. Matsukevich, P. Maunz, and 

C. Monroe, Phys. Rev. Lett. 105, 090502 (2010). 

[38] N. Lindlein, R. Maiwald, H. Konermann, M. Sonder- 
mann, U. Peschel, and G. Leuchs, Laser Physics 17, 
927 (2007). 

[39] L. Luo, D. Hayes, T. A. Manning, D. N. Matsukevich, 
P. Maunz, S. Olmschenk, J. D. Sterk, and C. Monroe, 
Fortschritte der Physik 57, 1133 (2009). 

[40] H. Bernien, L. Childress, L. Robledo, M. Markham, 

D. Twitchen, and R. Hanson, Phys. Rev. Lett. 108, 
043604 (2012). 

[41] A. Sipahigil, M. L. Goldman, E. Togan, Y. Chu, 
M. Markham, D. J. Twitchen, A. S. Zibrov, A. Kubanek, 
and M. D. Lukin, (2011), arxiv:1112.3975. 

[42] E. Togan, Y. Chu, A. S. Trifonov, L. Jiang, J. Maze, 
L. Childress, M. V. G. Dutt, A. S. S0rensen, P. R. Hem- 
mer, A. S. Zibrov, and M. D. Lukin, Nature 466, 730 
(2010). 

[43] D. Englund, B. Shields, K. Rivoire, F. Hatami, 
J. Vuckovic, H. Park, and M. D. Lukin, Nano Lett. 10, 
3922 (2010). 

[44] A. Faraon, P. E. Barclay, C. Santori, K.-M. C. Fu, and 

R. G. Beausoleil, Nature Photonics 5, 301 (2011). 
[45] K.-M. C. Fu, P. E. Barclay, C. Santori, A. Faraon, and 

R. G. Beausoleil, New J. Phys. 13, 055023 (2011). 
[46] W. L. Barnes, G. Bjork, J. M. Gerard, P. Jonsson, 

J. A. E. Wasey, P. T. Worthing, and V. Zwiller, Eur. 

Phys. J. D 18, 197 (2002). 
[47] J. M. Gerard, Top. Appl. Phys. 90, 269 (2003). 
[48] L. Childress, J. M. Taylor, A. S. S0rensen, and M. D. 

Lukin, Phys. Rev. A 72, 052330 (2005). 
[49] C. Simon, Y.-M. Niquet, X. Caillet, J. Eymery, J.-P. 

Poizat, and J.-M. Gerard, Phys. Rev. B 75, 081302(R) 

(2007). 

[50] W. Langbein, P. Borri, U. Woggon, V. Stavarache, 
D. Renter, and A. D. Wieck, Phys. Rev. B 70, 033301 
(2004). 

[51] R. W. Berends, E. H. Pinnington, B. Guo, and Q. Ji, J. 

Phys. B 26, L701 (1993). 
[52] Also, quantum dot emissions may exhibit inhomoge- 

neous broadening. By utilizing a Fabry-Perot cavity with 

linewidth < 1 GHz we assume error due to inhomoge- 

neous broadening negligible. 
[53] E. Biemont, J.-F. Dutrieu, I. Martin, and P. Quinet, J. 

Phys. B 31, 3321 (1998). 
[54] M. I. Davanco and K. Srinivasan, Opt. Express 17, 10542 

(2009). 

[55] It should also be possible to implement the protocol with 
**Sr^ or *''Ca^ by employing qubit shelving techniques 



13 



previously demonstrated [g^l- Here the atom-photon en- 
tanglement can be generated via the to ^1)5/2 de- 
cay, mapping one of the states back to and 
performing fluorescence detection on the ^51/2 to 
(and ■^Pi/2 to ■^1)3/2) transition. 

[56] M. Keller, B. Lange, K. Hayasaka, W. Lange, and 
H. Wahher, New J. Phys. 6, 95 (2004). 

[57] H. G. Barros, A. Stute, T. E. Northup, C. Russo, P. O. 
Schmidt, and R. Blatt, New J. Phys. 11, 103004 (2009). 

[58] A. Faraon, D. Englund, I. Fushman, J. Vuckovic, 
N. Stohz, and P. Petroff, Appl. Phys. Lett. 90, 213110 



(2007). 

[59] L. C. Bassett, F. J. Heremans, C. G. Yale, B. B. Buck- 
ley, and D. D. Awschalom, Phys. Rev. Lett. 107, 266403 
(2011). 

[60] R. B. Patel, A. J. Bennett, I. Farrer, C. A. NicoU, D. A. 

Ritchie, and A. J. Shields, Nat. Photonics 4, 632 (2010). 
[61] H. J. McGuinness, M. G. Raymer, C. J. McKinstrie, and 

S. Radic, Phys. Rev. Lett. 105, 093604 (2010). 
[62] F. Schmidt-Kaler, S. Guide, T. Deuschle, A. Kreuter, 

G. Lancaster, C. Becher, J. Eschner, H. Haffner, and 

R. Blatt, J. Phys. B 36, 623 (2003). 



